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Abstract
This document describes the trajectory and atmosphere reconstruction of the Mars
Phoenix Entry, Descent, and Landing using the New Statistical Trajectory Estima-
tion Program. The approach utilizes a Kalman filter to blend inertial measurement
unit data with initial conditions and radar altimetry to obtain the inertial trajectory
of the entry vehicle. The nominal aerodynamic database is then used in combina-
tion with the sensed accelerations to obtain estimates of the atmosphere-relative
state. The reconstructed atmosphere profile is then blended with pre-flight models
to construct an estimate of the as-flown atmosphere.
1 Introduction
On May 28th, 2008 the Mars Phoenix lander successfully conducted its Entry, De-
scent, and Landing (EDL) sequence to land on the surface of Mars. Data from the
on-board Inertial Measurement Unit (IMU) (accelerations and angular rates) and
Orbit Determination (OD) initial conditions were utilized to reconstruct the as-
flown trajectory of the entry vehicle from entry interface to touchdown using a dead
reckoning integration technique. The nominal vehicle aerodynamic database was
used to estimate the as-flown atmospheric density profile by solving for the density
using the measured axial acceleration and the nominal axial force coefficient.
The methodology and results of the trajectory and atmospheric reconstruction
are documented in [1] and [2]. Unfortunately, the reconstructed data has subse-
quently been lost. However, the raw telemetry data from the mission still exists and
so can be used to reconstruct the trajectory and atmosphere for archival purposes.
The reconstruction makes use of the New Statistical Trajectory Estimation Program
(NewSTEP). NewSTEP is an Iterative Extended Kalman Filter (IEKF) [3] code for
processing various types of on-board and ground-based (where applicable) measure-
ments to produce a trajectory estimate that is a best fit to all of the data sources
based on their given uncertainties.
This memorandum serves to document this reconstruction and the results. The
remainder of the document is organized as follows. The next section provides a
brief overview of the Phoenix entry vehicle and the nominal EDL timeline, and
then gives an overview of the various measurement data sources that are used for
the trajectory reconstruction. The following section provides an overview of the
trajectory and atmosphere reconstruction methodology, before presenting the results
of the reconstruction.
2 Vehicle Description
The Phoenix entry vehicle is a 70 deg sphere cone shape with a diameter of 2.65 m
and mass at entry of 572.743 kg. The EDL concept of operations is shown in
Figure 1. During the hypersonic phase the entry vehicle is unguided and is not
spin stabilized. After peak heating and peak deceleration the vehicle slows to a
Mach number of approximately 1.65 where the supersonic disk-gap-band parachute
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is deployed. Shortly thereafter the heatshield is jettisoned, lander legs are deployed,
the radar altimeter is activated, and the lander separates from the backshell and
begins powered flight. During the terminal descent phase the lander flies on a
gravity turn trajectory until reaching a condition close to the landing site, where it
descends at a constant velocity until touchdown after which the motor is powered
off. Additional details on the vehicle design and EDL system overview can be found
in [4].
Figure 1: Phoenix Entry, Descent, and Landing
Coordinate frames relevant to the vehicle aerodynamics and flight mechanics are
shown in Figure 2. The axes labeled XC , YC , and ZC are the axes of the cruise
frame and the axes labeled XB, YB, and ZB define the flight mechanics body frame.
Directions of the aerodynamic force coefficients CA, CY , and CN are shown relative
to the flight mechanics body frame as are the definitions of the aerodynamic flow
angles. The transformation from cruise frame to the flight mechanics body frame is
given by
Tcr2b =
 1 0 00 0 −1
0 1 0
 (1)
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Figure 2: Phoenix Coordinate Frames
3 Data Sources
Several sources of measurement data are available to be used for trajectory re-
construction purposes. These include the IMU, radar altimeter, OD initial condi-
tions, and the landing site position fix. Many of these data can be found in the
“phx tlm v9.mat” MATLAB data file. The following subsections describe these
data sources.
3.1 Inertial Measurement Unit
The primary measurement source for performing the trajectory and atmosphere
reconstruction is the on-board IMU, which provides three axis linear acceleration
and angular rate measurements in the IMU instrument frame. These measurements
are provided at the rate of 200 Hz.
According to [1], the transformation from the IMU instrument frame to the
cruise reference frame is given by the matrix
Timu2cr =
 0.001658000000000 0.434532000000000 0.9006550000000000.865583671733631 −0.451637796435926 0.216304845776395
0.500761102355330 0.779233610045474 −0.37687298280806

(2)
The location of the IMU in the cruise reference frame is given by the vector
rimu =
[
1.284866 −0.5195119 −0.228428
]T
m [1].
The measured accelerations were transformed from the IMU frame into the vehi-
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(a) Axial Acceleration (b) Roll Rate
(c) Side Acceleration (d) Pitch Rate
(e) Normal Acceleration (f) Yaw Rate
Figure 3: Accelerations and Angular Rates in Flight Mechanics Body Frame
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(a) Acceleration (b) Angular Rate
Figure 4: Acceleration and Angular Rate Uncertainties
cle body frame for integration in order to propagate the states from the initial con-
dition. The integration scheme accounts for the IMU position offset and transforms
the accelerations to the vehicle center of mass. Note that the numerical integration
of these data for propagating the vehicle state makes use of the raw accelerations
with no filtering. A second-order Butterworth filter [5] with a 5 Hz cutoff frequency
is also applied to smooth the data for use in the atmospheric reconstruction. The
filter is applied in forward/backward mode to eliminate phase loss. The raw and
filtered data are shown in Figure 3.
3.2 Radar Altimeter
After heat shield separation, the on-board radar altimeter was activated to measure
the above ground level altitude of the vehicle during the terminal landing phase.
These measurements can be used in the trajectory reconstruction process to provide
position data that can be processed by the Kalman filter to improve the trajectory
estimate.
Figure 5: Radar Altimeter Data
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The radar altimeter measurements are shown in Figure 5. The measurements
are assumed to be accurate to 1% in scale factor error and 10 cm in random noise,
in a 3σ sense.
3.3 Initial Conditions
The initial conditions used for the reconstruction are based on the orbit determina-
tion (OD) solution OD77 [6]. The states are provided in the Earth Mean Equator
of January 2000 (EMEJ2000) [7] inertial frame at a spacecraft clock time (SCLK)
of t0 = 896225523.896 s. These coordintes correspond to a radius from the center
of the planet of 3522.194 km. The position and velocity components are listed in
Table 1. The initial condition covariance matrix is based on the initial condition
uncertainties provided in [2], transformed into the appropriate coordinate frame. It
is assumed that the uncertainties are uncorrelated.
Table 1: EMEJ2000 Orbit Determination 77 Initial Conditions
Coordinate Initial Condition
X, m 1060304.16809705
Y , m -645136.486623493
Z, m 3296270.9865079
X˙, m/s 1464.27469596023
Y˙ , m/s 5350.16886003297
Z˙, m/s -770.68622121074
Similarly, the attitude initial conditions can be extracted from the OD77 navi-
gation state contained within the Phoenix telemetry data. The attitude is based on
a star tracker initialization prior to cruise stage separation that is then propagated
forward in time based on the IMU gyroscope measurements. The attitude condi-
tions at t0 are listed in Table 2. The 3σ uncertainties are assumed to be 0.25 deg in
each axis, uncorrelated.
Table 2: EMEJ2000 Cruise Frame Attitude Initial Conditions
Quaternion Initial Condition
e0 0.484415890110281
e1 0.627367398405513
e2 0.523106641741869
e3 0.313226490246446
The initial orientation of Mars with respect to the EMEJ2000 frame is also
required in order to compute the planet-relative trajectory. The Mars Centered
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Mars Fixed (MCMF) frame is defined relative to the EMEJ2000 frame at t0 by the
quaternion listed in Table 3.
Table 3: EMEJ2000 MCMF Frame Initial Conditions
Quaternion Initial Condition
e0 0.414943021388918
e1 2.39260776718649e-05
e2 5.51686127775915e-05
e3 -0.909847396756512
Note that these initial conditions differ slightly from those assumed in [1], though
there is a time offset of approximately 68 ms (OD77 initial conditions occurred
shortly after the conditions from [1]). The specific numbers assumed in [1] are not
found in the provided Phoenix telemetry data structures that are used in the present
analysis.
3.4 Landing Site Location
The Phoenix landing site location was extracted from the flight data file and is
repeated in Table 4. This location is used for trajectory reconstruction purposes to
provide an end point to the trajectory as another form of a position fix. The landing
site location and associated uncertainties were determined from Doppler tracking [8].
This landing site corresponds to a Mars Orbiter Laser Altimeter (MOLA) elevation
of -4131 m [8].
Table 4: Phoenix Landing Site Coordinates
Coordinate Value 3σ
Radius 3376291.5 m 4.2 m
Longitude 234.24843 deg 0.000288 deg
Declination 68.21878 deg 0.00018 deg
Note that these coordinates are within 0.5 m of those specified in [1]. The
difference is primarily in the longitude component with [1] providing a value 2.03 ·
10−5 deg larger.
3.5 Mass Properties Model
The mass properties models are based directly on those provided in [1] along with
a timing adjustment to account for the 68 ms offset between the t0 time definitions.
The mass properties are referenced to SCLK time, but the time from t0 is provided
for convenience. The center of mass coordinates are specified in the cruise reference
frame. The aerodynamic reference length, b is also provided in this table.
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Table 5: Phoenix Mass Properties
Event t− t0, s Xcm, m Ycm, m Zcm, m m, kg b, m
Initialization 0.0 1.066129 0.000164 0.000010 572.74 2.65
Chute Deploy 227.7 1.080957 0.000168 0.000010 572.74 11.8
Heatshield Jettison 242.7 1.045280 -0.000642 0.001535 510.62 11.8
Leg Deployment 252.7 1.061298 -0.000642 0.001535 510.62 11.8
Backshell Separation 404.8 1.14807 -0.000611 0.00076 400.75 2.605
Surface Contact 446.1 1.146875 -0.000674 0.000854 363.19 2.605
3.6 Atmosphere Model
A preflight atmosphere model has been developed in using the Mars Regional Atmo-
spheric Modeling System (MRAMS) [15] for the Phoenix landing site in [16]. This
model include a nominal atmosphere profile and 2000 dispersed cases that were used
for preflight trajectory Monte Carlo analysis such as that described in [17].
Atmospheric profiles for the Phoenix landing site were also directly measured
using the Mars Climate Sounder (MSC) instrument [18] onboard the Mars Recon-
naissance Orbiter (MRO). Atmosphere profiles based on MCS measurements were
developed in support of landing day predictions. Profile 12, generated from data
acquired on May 18th, was used for the final landing day prediction prior to ac-
tual landing [19]. The MCS continued to acquire data up to the actual landing
day, and profile 21 was generated based on data 2 hours prior to landing on May
25th, representing the best available atmospheric profile [19]. Unfortunately these
MCS profiles were not available for the purposes of this reconstruction, therefore
the preflight nominal atmosphere was used as the initial guess for the atmosphere
reconstruction.
One Sol after landing, measurements of the surface pressure and temperature
were obtained by the Phoenix meteorological package [20] that can be used to pro-
vide in-situ atmospheric data [19]. Numerical values of these measurements were
not found in the Phoenix telemetry data nor were recorded in the literature, however
the data can be approximated from Figure 24(a) in [2], which indicates a surface
temperature of 238 ± 5 K.
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(a) Nominal Density (b) Nominal Pressure
(c) Nominal Temperature (d) Dispersed Density
Figure 6: Atmosphere Model
(a) North Wind (b) East Wind
Figure 7: Winds Model
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3.7 Aerodynamics Model
The aerodynamics model for the Phoenix entry vehicle was developed using a com-
bination of historical data, previous flight tests of similar systems, wind tunnel
testing, and computational methods. The Phoenix entry vehicle was geometrically
similar to the Mars Exploration Rover, Pathfinder, and Viking geometries and lever-
aged this data as appropriate. This approach allowed an aerodynamic database to
be generated that encompassed all of the flight regimes, including free molecular,
transitional, hypersonic, supersonic, and transonic flows. The resultant database
included static and dynamic coefficients along with associated uncertainties. The
final aerodynamic database product is a model that can be queried with flight con-
ditions and return the relevant aerodynamic coefficients for trajectory simulations.
A detailed description and analysis of the Phoenix aerodynamic database can be
found in [21].
3.8 Gravity Model
The Mars gravitational acceleration is modeled using the MRO110C model [22].
This model is based on tracking data of Mars Global Surveyor (MGS), Mars Odyssey
and Mars Reconnaissance Orbiter (MRO), and MOLA-derived topography data.
The model contains spherical harmonics up to degree and order 110.
4 Reconstruction Methods
The reconstruction process utilized for the Phoenix EDL data consists of three steps.
In the first step, the NewSTEP code is used to generate a kinematic reconstruction
of the inertial flight path of the vehicle based on Kalman filtering of the orbit deter-
mination initial conditions, IMU, Radar, and landing site coordinates. The nominal
atmosphere profile is superimposed on this trajectory to produce a reasonable set
of atmospheric-relative states. As part of this process, the measured IMU acceler-
ations are transformed to the vehicle center of mass and rotated into the vehicle
flight mechanics body coordinate frame.
In the next step, the nominal aerodynamic database and sensed accelerations
are used to reconstruct the atmospheric-relative trajectory. Dynamic pressure is
computed from the axial acceleration, mass, and reference area. The flow angles are
simultaneously computed from the ratio of lateral to axial acceleration. The density
is computed from the dynamic pressure and the reconstructed velocity (assuming
the nominal winds), and then static pressure is computed from an integration of the
hydrostatic equation. An estimate of the Mach number can be computed from the
static and dynamic pressure. Uncertainties are also mapped through the process.
The overall process is described in [14].
Note that the density reconstructed from the vehicle aerodynamics is only valid
during the entry phase up until the point of parachute mortar fire. After parachute
deployment, the vehicle aerodynamics are poorly known and so the atmosphere
reconstruction must rely on another source. For this work, a pre-flight density
profile was found that was a best fit to the reconstructed density in the altitude
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range where the vehicle aerodynamics are well known. The density profile from the
pre-flight model was anchored to the reconstructed density to provide an estimate
of the density at altitudes below parachute deployment. The static pressure was
computed from a top-down integration of the hydrostatic equation, and temperature
was computed from the ideal gas law.
In the final step, another NewSTEP run was processed but instead of the pre-
flight nominal atmosphere, the reconstructed atmosphere was superimposed on the
trajectory in order to provide best estimates of the atmospheric-relative state from
entry interface to touchdown.
5 Reconstruction Results
The results of the reconstruction process described in the previous section are shown
in the following subsections, describing the inertial trajectory, atmospheric-relative
trajectory, and the atmosphere reconstruction.
5.1 Inertial Trajectory
Components of the vehicle trajectory relative to the Mars surface are shown in
Figure 8 along with the OD77 initial conditions and the landing site location. Events
along the trajectory are also indicated. Position and velocity uncertainties are shown
in Figure 9. The planet-relative velocity magnitude and flight path angle are shown
in Figure 10. The reconstructed initial relative flight path angle at t0 is -13.162 deg.
The reconstructed velocity magnitude at touchdown is 2.5 m/s.
The vehicle body Euler angles relative to the North-East-Down frame along with
the total attitude uncertainty are shown in Figure 11. It is apparent here that the
vehicle developed a roll rate during the atmospheric entry. Potential causes for this
roll rate are explored in [19]. The total attitude uncertainty is shown in 11(d).
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(a) Areodetic Altitude (b) North Velocity
(c) Areodetic Latitude (d) East Velocity
(e) Longitude (f) Down Velocity
Figure 8: Position and Velocity
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(a) Position (b) Velocity
Figure 9: Position and Velocity Uncertainties
(a) Velocity Magnitude (b) Flight Path Angle
Figure 10: Velocity and Flight Path Angle
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(a) Yaw (b) Pitch
(c) Roll (d) Uncertainty
Figure 11: Attitude
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5.2 Atmospheric-Relative Trajectory
This section describes the atmospheric-relative trajectory that was reconstructed
from the inertial trajectory, accelerations, and the nominal aerodynamic database.
Figure 12 shows the aerodynamic flow angles. Two sets of angles are shown. The
first set is based on the inertial reconstructed trajectory with the nominal wind
profile superimposed, labeled as IMU. The second set, labeled ADB, is based on the
ratios of normal and side accelerations to the axial acceleration for determination
of angle of attack and sideslip, respectively. In both cases there is clear signal that
shows the hypersonic bounded instability. Slight differences in magnitudes of the
two different angles can be explained by small heatshield to IMU coordinate frame
misalignment on the order of 1 mil as shown in [19]. The ADB reconstructed angles
are fairly noisy initially due to poor signal to noise ratio early in the trajectory
where the dynamic pressure is low. The impact of the low signal to noise ratio is
also evident in the ADB total angle of attack uncertainty shown in Figure 12(d).
(a) Angle of Attack (b) Angle of Sideslip
(c) Total Angle of Attack (d) Total Angle of Attack Uncertainty
Figure 12: Aerodynamic Angles
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(a) Dynamic Pressure (b) Dynamic Pressure Uncertainty
(c) Mach Number (d) Mach Number Uncertainty
Figure 13: Atmospheric-Relative Trajectory
The reconstructed conditions at parachute deployment show a dynamic pressure
of 491.5 Pa and a Mach number of 1.715. The uncertainties on these reconstructed
quantities (58.6 Pa in dynamic pressure and 0.118 in Mach number, 3σ) easily en-
capsulates small differences between this reconstruction and other published results,
such as [19].
Finally, the time histories of the atmospheric conditions along the reconstructed
trajectory are shown in Figure 14. Here, the density was reconstructed from dy-
namic pressure and atmospheric-relative velocity (assuming the nominal wind pro-
file). Pressure was computed from the reconstructed altitude and integration of the
hydrostatic equation, and lastly temperature was computed from the ideal gas law.
The next section describes the results of how these reconstructed atmospheric prop-
erties were used to generate an entry to landing as-flown atmosphere profile when
combined with model data. The uncertainties of the atmospheric variables are also
shown in Figure 14.
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(a) Density (b) Density Uncertainty
(c) Pressure (d) Pressure Uncertainty
(e) Temperature (f) Temperature Uncertainty
Figure 14: Atmosphere
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5.3 Atmosphere Reconstruction
The atmospheric density profile was generated using the reconstructed density shown
in Figure 14 in the altitude range between 86.6 km to 14.4 km. A best fit to
the density in this altitude range was found from the 2000 dispersed cases. This
dispersed density profile was used above 86.6 km and below 14.4 km. The pressure
profile was computed by integrating the hydrostatic equation from an altitude of 200
km down to the landing site assuming an initial pressure of zero. The temperature
profile was computed from the ideal gas law.
(a) Density Ratio (b) Pressure Ratio
(c) Temperature
Figure 15: Comparison of Reconstructed Atmosphere to the Mean Atmosphere
A comparison of the reconstructed atmosphere to the mean atmosphere model
is shown in Figure 15. Also shown for comparison are the results of the Phoenix At-
mospheric Structure Experiment (ASE) documented in [23,24]. Figure 15(a) shows
the percent difference of the reconstructed density relative to the mean atmosphere
profile, Figure 15(b) shows the percent difference of the reconstructed pressure, and
Figure 15(c) shows the reconstructed temperature. In general the reconstructed at-
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mosphere profile matches with the ASE results. Differences at upper altitudes are
due to use of a dispersed atmosphere profile case above 86.6 km in the reconstructed
atmosphere presented in this memorandum. The ASE data made use of accelerom-
eter data above that altitude, although the results are noisy and so are not likely
to be physically valid. Note that the ASE results end at parachute deployment and
do not extend to the surface. The reconstructed temperature at the surface is 238.4
K, which matches within 0.4 K to the measurements made by the lander described
in Section 3.6. The mean temperature at the surface is 234 K.
6 Trajectory Conditions
A summary of the conditions at several events in the trajectory is provided in
Table 6.
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7 Conclusions
The NewSTEP Kalman filter trajectory reconstruction code was used to reconstruct
the Mars Phoenix entry, descent, and landing trajectory and the day of landing
atmosphere. All data that was available was used in the reconstruction process,
including initial conditions, inertial measurement unit, radar altimeter, landing site
coordinates, and atmospheric models. Uncertainties were computed on all estimated
states as a by product of the Kalman filter process. The atmosphere reconstruction
results compared well with published results from the Phoenix Atmosphere Structure
Experiment.
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